Empirical equations for the density and molar volume of molten binary mixtures of MCl-LnCl 2 and MCl-MeCl 2 (M = alkali metals; Ln = lanthanoides; Me = Ca, Sr, Ba) based on the density of individual components are suggested. The equations, taking into account the deviations of the molar volumes from their additive values, are applicable to all binary systems involving known rare earth dichlorides.
Introduction
Rare earth ions of molten salts are not always trivalent but in some cases also divalent. Until now, solutions of LnCl 2 (Ln = lanthanoides) in molten chlorides are scantily studied. No information on the density of molten MCl-LnCl 2 (M = alkali metals) mixtures was found in the literature.
The estimation of the density (molar volume) molten MCl-LnCl 3 mixtures has been developed in [1, 2] . The density of molten alkali chlorides has often been measured with a precision of ±0.5% and better [3, 4] . Some of the salts are recommended as standards for calibrations [5, 6] .
The aim of the present work is to develop a procedure of computing the density of molten MCl-LnCl 2 (M = Li, Na, K, Rb, Cs; Ln = all lanthanoides), based on the knowledge of the densities of the individual salts.
It is well known that the density is not additive. The density of mixtures calculated by
with x 1 and x 2 being the mole fractions, exhibits up to 10% deviation from the real values. The molar volume V m(mix) = M mix /d mix is much more an additive feature. Calculations made in terms 0932-0784 / 08 / 0300-0203 $ 06.00 c 2008 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com of the equation
are more precise. Nevertheless, molar volumes of molten binary salts with essential difference in the properties of the components also reveal appreciable deviations of V m from additivity.
For a more exact computation of the molar volumes of molten binary mixtures the following equation was proposed [1, 2] :
where K 1 is the correction describing the shape of the excess molar volume curve, K 2 is the correction taking into account the excess molar volume increase in going from the LiCl-LnCl 2 systems to the CsCl-LnCl 2 ones, and K 3 is the correction for the temperature effect on the excess molar volume.
The multiplicative form of corrections K 1 · K 2 · K 3 was chosen instead of the sum K 1 + K 2 + K 3 to simplify its presentation. Indeed the total correction (
should be equal zero when [LnCl 2 ] = 0% or = 100% and it reaches its maximum somewhere in between. In case of the multiplicative form it is sufficient, if only one of the corrections is a function of concentration:
. Then the other ones are expressible as simple numerical values or functions independent of the concentration. indent In the present work (3) is adopted for the molar volume of molten MCl-LnCl 2 mixture calculations, and the dimensionless coefficients K 1 , K 2 and K 3 are evaluated.
Results and Discussion
Because of lacking experimental data on the density of the systems under consideration, it is necessary to find other approaches to estimate the corrections K 1 , K 2 and K 3 . Our approach bases on the assumption of fairly close analogy of the volume properties of the melts containing divalent rare earth chlorides and alkali earth chlorides. Indeed, it is well known that rare earth dichlorides are similar to alkali earth dichlorides in many respects [7 -9] . Their cations have an equal charge and nearly the same radius [10] . The chlorides have similar melting points and structures [11, 12] [4, 13 -29] . However, simple juxtaposing and averaging does not allow us reach definite conclusions on excess volumes of the systems under consideration. These results are too contradictory. For example, in [13] the curve of relative deviations from additivity in the KCl-CaCl 2 system at 1173 K was found to have a complicate shape with sharp extremes, maximum positive deviation δ max(+) = 0.8% and maximum negative deviation δ max(−) = −0.45%. In [14] the curve of relative deviations from additivity in the KCl-BaCl 2 system at the same temperature has an oscillatory character and lies mainly in the negative region. Deviations are δ max(+) = 0.77%, δ max(−) = −2.1%. In [21] KCl mixtures with CaCl 2 , SrCl 2 and BaCl 2 were studied. In all cases deviations were very positive and approximately identical, namely δ max(+) = 9 -10%. Such large deviations are possible in systems with very strong interaction of the components. For example even in system the CsClLaCl 3 δ max(+) does not exceed 5 -6% [1, 24] . In [22] systematic measurements of the densities of molten MCl-SrCl 2 (M = Li, Na, K, Rb, Cs) systems were performed. Negative deviations were found in LiCl-SrCl 2 , complicate relationships in subsequent systems and additive behaviour in CsCl-SrCl 2 . Table 1 . Cationic radii (r in nm [10] ) and ionic potentials (Z in nm −1 ) of several ions. All efforts to find any tendency in a whole array of data were futile. First of all it was necessary to develop criteria of data sorting to select trustworthy values and to reject the indubitable ones. Actually a part of the conclusions of [24] were adopted as the criteria:
In molten MCl-MeCl 2 binary systems 1. the excess molar volume (V ex ) is positive; 2. V ex increases from LiCl to CsCl; 3. maximal relative deviations of V ex from additivity do not exceed 3 -5%.
Most of the data were excluded according to these criteria. Unfortunately, even values quoted in the reference book [4] were improper from the point of view of the criteria. Nonsystematic works with one-off results also were useless to discover any regularity in spite of the fact that they meet these criteria. Finally, only three works [19, 24, 25] were selected for quantitative estimations, which contain systematic and consistent data on the density of MCl-CaCl 2 and MCl-SrCl 2 systems. These salts are best-suited analogues to MCl-LnCl 2 systems due to the proximity of the Ca 2+ , Sr 2+ and Ln 2+ ionic radii (r) [10] and ionic potentials (Z). This is evident from Table 1 , where the ionic radii and ionic potentials of alkali earth, rare earth and some other divalent elements for comparison are listed. The ionic potential was calculated according to Z = q/r, were q is charge of a cation in elementary charge units (q = 1 for alkali metals and q = 2 for dipositive cations), and r is the radius of a cation in nm according to Shannon [10] . Ionic potentials are conventional measures of the interaction of cations with chloride ions.
The ionic potentials of all Ln 2+ lie between the ionic potentials of Ca 2+ and Ba 2+ . The value of Z of "light" ions (Nd 2+ , Pm 2+ , Sm 2+ and Eu 2+ ) is close to that of Sr 2+ , while the ionic potential of "heavy" ions (Tm 2+ , Yb 2+ ) is approximately that of Ca 2+ . It was an additional argument in favour of the choice of these systems as the closest analogues of MCl-LnCl 2 systems. The values of V ex relative deviations [19] are on average 0.5% lower than those of Stepanov [24, 25] . Evaluation of the K 1 , K 2 and K 3 correction coefficients was based on the analysis of concentration and tem- 
where [LnCl 2 ] is the concentration in mol%. The correction K 1 describes the shape of molar volume relative deviations (see Fig. 1 ). The curve of the excess volume of the NaCl-SrCl 2 system [24] was taken as a standard. The coefficients are fitted in such a way that in KCl-LnCl 2 systems at 1173 K the other coefficients K 2 and K 3 are equal 1. It is presumed that maximum deviations from additivity occur when [LnCl 2 ] = 42 mol%. It is rigorously impossible to compute the value 42 mol% based only on available experimental data. Their scattering is so large that simple averaging does not give a statistically valid result. On the other hand strictly speaking the maximum position slightly depends on both alkali cation and Me 2+ (or Ln 2+ ). Therefore it is more correct to describe some range of maximal values. This range should be rather narrow because of the uniformity of the systems under consideration. Even if the uncertainty of the maximum position is 35 -55 mol% MeCl 2 , it leads to small errors, ∼ 0.05%.
As it is well known in molten MCl-MeCl 2 mixtures, diluted on MeCl 2 , divalent cations form complexes like [MeCl 4 ] 2− with the coordination number four [30 -33] . With increasing content of MeCl 2 the character of complex formation changes and the extremes of the excess functions are in the range 40 -45 mol% of MeCl 2 . The fact is confirmed by many examples. For instance maxima of the activation energy and excess molar conductivity of MCl-CaCl 2 [34] and MCl-EuCl 2 [35] lie in this range. The maximum of the mixing enthalpy in the MCl-EuCl 2 system is observed near 40 mol% of EuCl 2 [36] (see Fig. 2 ).
Relative deviations increase from LiCl-LnCl 2 mixtures to CsCl-LnCl 2 ones because interactions between components (MCl and LnCl 2 ) increase in the same order. The effect of alkali cation size on the relative deviations of excess volume accounts for the K 2 correction (K 2 = 0.236 for LiCl; 0.482 for NaCl; 1.00 for KCl; 1.257 for RbCl; and 1.566 for CsCl). The experimental data used for K 2 estimation are plotted in Figure 3 . The values smoothly elevate with increasing cationic radius. The K 2 correction can also be calculated according to
where r is the radius of the alkali cation in nm according to Shannon [10] . This equation is especially convenient for ternary systems with two alkali cations [for example, (NaCl-KCl)-EuCl 2 ].
For example for (LiCl-KCl) eut -LnCl 2 mixtures K 2 = 0.476, for (NaCl-KCl)-LnCl 2 K 2 = 0.7155. For the • - [24] on MClSrCl 2 system; - [19] on MClSrCl 2 system; - [19] on MClCaCl 2 system. aims of polynomial extrapolation (5a) is unusable. Correct extrapolation is provided by
where Z is the ionic potential of salt solvent. For example, for (NaCl-CaCl 2 )-LnCl 2 molten systems K 2 = 0.12.
With increasing temperature the systems become simpler and deviations of the molar volume from additivity diminish. The effect is described by the correction K 3 :
where T is the temperature in K. is nearly compensated by density increasing in the same order. Therefore replacing of one Ln 2+ by another cation leads only to insignificant changes of excess molar volumes of MCl-LnCl 2 mixtures, and no special correction in going from Nd 2+ to Yb 2+ is required.
As an example for using (3) the temperature dependences of density and molar volume of molten quasibinary MCl-SmCl 2 mixtures (M = NaCl-CaCl 2 ; LiClKCl; NaCl-KCl; KCl and CsCl) were calculated. The results are shown in Table 2 . The calculations were carried out in the temperature range 1023 -1123 K. The densities of alkali chlorides were taken from [4] . The density of molten SmCl 2 was estimated assuming V m (SmCl 2 ) = V m (EuCl 2 ). There is only one publication on the density of molten rare earth dichlorides. In [37] the molar volume of molten EuCl 2 was found as: 
Conclusion
The general equation (4) is universal and applicable in many cases. The accuracy of the equation depends on the accuracy of the coefficients K 1 , K 2 , K 3 , the number of which is variable. For example using additional coefficients, it is possible to take into account the shift of the maximum position of the relative deviations depending on the temperature and/or composition of the molten mixture.
The uncertainty of the equations suggested for calculating the density of MCl-LnCl 2 molten mixtures does not exceed 1% above the uncertainty of the density of individual components.
Since (4) - (6) were developed based on experimental data on the density of the MCl-MeCl 2 (Me = Ca, Sr, Ba) systems the results are valid for these systems. Thus the method to calculate the density (molar volume) of two classes of molten mixtures, namely MClMeCl 2 and MCl-LnCl 2 , was developed.
